This work presents the results from our near-infrared spectroscopy of narrow-band selected Hα emitters (HAEs) in two rich protoclusters (PKS 1138-262 at z=2.2 and USS 1558-003 at z = 2.5) with the Multi-Object Infrared Camera and Spectrograph (MOIRCS) on the Subaru telescope. These protoclusters are the ancestors of the most massive class of galaxy clusters seen today.
INTRODUCTION
Local galaxy clusters (z < 1) are dominated by red spheroidal galaxies and exhibit the well-known relations such as colour-magnitude relation (red sequence) and morphology-density relation (Butcher & Oemler 1984; Dressler et al. 1994 Dressler et al. , 1997 Kodama & Bower 2001) . The environmental dependence of such galaxy properties in the local Universe seems to originate from two effects, namely 'nature' and 'nurture' effects. The nature effect means that galaxies formed in dense environments are more evolved intrinsically due to biased galaxy formation, and thus are older hence redder (Bower, Kodama & Terlevich ⋆ E-mail: rhythm@naoj.org (RS); t.kodama@nao.ac.jp (TK) 1998; Thomas et al. 2005) . In contrast, the nurture effect means that today's early-type galaxies in dense regions have been deformed through external effects from the surrounding environments (Okamoto & Nagashima 2003; Prieto et al. 2013) . For instance, galaxy mergers are expected to occur more often in galaxy (proto-)clusters in the past (Gottlöber, Klypin & Kravtsov 2001) . In fact, we see dispersion dominated early-type galaxies more frequently in clusters as reported by large kinematic studies such as ATLAS3D project (Cappellari et al. 2011) . A major merger can produce a compact spheroidal galaxy through a dissipational kinematical process as predicted theoretically by many authors (e.g. Mihos In order to identify the physical processes that are re-sponsible for the establishment of the environmental dependence, we need to trace back the history of cluster galaxy formation and evolution. Protoclusters at z ≫ 1 are the ideal laboratories to investigate the progenitors of massive earlytype galaxies in the present-day rich clusters. Kodama et al. (2007) showed that the tight red sequence at the bright end breaks down in protoclusters in the redshift interval of 2 < z < 3. It is therefore essential to systematically explore properties of star-forming (SF) galaxies in protoclusters at 2 < z < 3 in order to understand how the environmental dependence is established.
With this motivation, several works have been devoted to the investigations of the environmental dependence of SF activities in protoclusters. In particular, Kodama et al. (2013) have been conducting a systematic study of protoclusters at z > 1.5 with Subaru, as the project called 'Mahalo-Subaru' (Mapping HAlpha and Lines of Oxygen with Subaru). We target 8 known clusters/protoclusters at 1.4 < z < 2.6, and an un-biased general field SXDS-UDS-CANDELS (z = 2.19 and 2.53 slices). We employ unique sets of narrow-band (NB) filters on the two widefield cameras, Subaru Prime Focus Camera (Suprime-Cam) and the Multi-Object Infrared Camera and Spectrograph (MOIRCS) on the Subaru telescope. Many NB filters are manufactured for this specific purpose, and we have been successfully identifying Hα or [Oii] emitter candidates that are physically associated to the protoclusters, and those located in the narrow slices of redshifts similar to the protoclusters. The great advantage of using NB technique is that we can make a nearly SFR limited sample with a high completeness, and the selection bias is minimized due to homogeneous, well-defined sampling using the excellent star formation indicators. It has been shown that the SF activity is very high even in the cores of protoclusters at z > 2 Hayashi et al. 2012; Koyama et al. 2013a) . The peak of SF activity traced by line emitters is shifted from dense cluster cores to lower density outskirts and filamentary outer structures with time from z ∼ 2.5 to z ∼ 0.4, indicating the inside-out growth of clusters (e.g. Hayashi et al. 2012; Koyama et al. 2013a; Hayashi et al. 2011; Koyama et al. 2010; Kodama et al. 2004 in the order of decreasing redshift from 2.5 to 0.4). Moreover, while the SF galaxies in the protoclusters seem to follow more or less similar main-sequence of SF galaxies in the general field, galaxy distribution along the main-sequence is clearly dependent on environment in the sense that protocluster galaxies tend to have higher stellar masses and higher SFRs (Koyama et al. 2013b ).
During such a turbulent, most active epoch for galaxy formation, the physical conditions of inter-stellar medium (ISM) are expected to change drastically along with the SF activities. Indeed, we can see more extremely ISM conditions at high-z on Baldwin, Phillips and Terlevich (BPT) diagram (Baldwin, Phillips & Terlevich 1981; Veilleux & Osterbrock 1987) as noted by many authors (Shapley et al. 2005; Erb et al. 2006a; Yabe et al. 2012; Newman et al. 2014; Kewley et al. 2013b,a; Nakajima et al. 2013; Yabe et al. 2014 ; Masters et al. 2014; Steidel et al. 2014 ). Basically, SF galaxies form a tight sequence on the BPT diagram known as the (chemical-)abundance sequence (Dopita et al. 2000 ; Kauffmann et al. 2003) . The abundance sequence of SF galaxies is shifted upward and/or rightward at high redshift (towards higher [Oiii]/ Hβ or [Nii]/ Hα line ratios), and such a tendency is obviously seen at z > 2 (Erb et al. 2006a; Newman et al. 2014; Kewley et al. 2013b; Masters et al. 2014 ). Therefore we can not quantitatively study physical states of galaxies at z > 2, using the same empirical diagnostics used for local galaxies, due to their quite different ISM conditions.
The ISM conditions can be described by some physical quantities such as ionization parameter (q), gaseous metallicity (Z) and electron density (ne). First of all, the ionization parameter is raised by a large flux of ionizing photons in ISM originated from hot O, B stars due to intensive star formation. Previous studies suggest a high ionization parameter of SF galaxies at z > 2 compared to that of local galaxies (Nakajima et al. 2013; Nakajima & Ouchi 2013; Masters et al. 2014) . Secondly, chemical abundances of SF galaxies at z ∼ 2 is lower by 0.1-0.3 dex for a given stellarmass than those of low-z galaxies (Erb et al. 2006a) . It leads to more compact and hotter O, B stars due to lower opacity, and thus UV radiation becomes harder and produces more ionizing photons. Thirdly, the strength of collisionallyexcited emission lines (e.g. [Oiii] , [Nii] ) strongly depends on the electron density. It is closely related to the number of electrons to collide since the excitation potential of this kind of line is ∼1eV, which is nearly the same as the energy of electrons at the virial temperature (∼10 4 K). Due to low excitation potential, the transition of collisionally-excited line is reliant on electron density compared to gaseous metallicity. Latest works have reported a high electron density (ne > 100 cm −3 ) in SF galaxies at z ∼ 2 (Newman et al. 2012; Masters et al. 2014; Wuyts et al. 2014 ). This value is larger than that of normal SF galaxies at low-z by an order of magnitude, and close to that of interacting galaxies which are seen as (ultra) luminous infrared galaxies (ULIRGs/LIRGs) in the present-day Universe (Krabbe et al. 2014) . Such a large electron density contributes to the offset of galaxy distributions on the BPT diagram together with other physical parameters (Brinchmann, Pettini & Charlot 2008) . In this way, the cosmic dependence of the BPT diagram can be attributed to such physical parameters which determine ISM conditions. An obvious extension of such studies is to investigate the environmental dependence of the ISM properties at z > 2 to know if the evolutionary stages of SF galaxies, such as their chemical abundance, are environmentally dependent. Protocluster galaxies may more often go through an active starburst phase followed by a quiescent phase due to higher chance of galaxy-galaxy interactions/mergers (Gottlöber, Klypin & Kravtsov 2001) . They would then tend to have higher electron densities, brighter UV lights, and harder radiation fields, which lead to different gas excitation in the dense environments.
Furthermore, we may also want to address the environmental dependence of some characteristic relations of SF galaxies such as the mass-metallicity (M-Z) relation Kewley & Ellison 2008; Maiolino et al. 2008; Yabe et al. 2012; Zahid et al. 2013) . This relation provides us with some crucial information on star formation histories, as well as inflow/outflow processes in galaxies (Erb et al. 2006a; Erb 2008; Zahid et al. 2014 ). For example, if protocluster galaxies are intrinsically formed earlier in the Universe (Thomas et al. 2005) , the M-Z rela-tion in the dense environments would be more evolved (i.e., offset to higher metallicity) compared to that in lower density regions at the same redshift.
In this paper, we aim to explore the gaseous physical properties and its environmental dependence for the first time by near-infrared (NIR) spectroscopy of SF galaxies in two best protoclusters from the MAHALO-Subaru sample, namely PKS 1138-262 at z = 2.16 (Koyama et al. 2013a) and USS 1558-003 at z = 2.53 (Hayashi et al. 2012) , which are among the richest systems ever identified at z > 2 ). Since they both show large excesses in the number density of SF galaxies, these protoclusters are probably still in the vigorous formation process.
At the redshift interval of 1.5 < z < 2.5, many important strong emission lines, including Hα, which are wellcalibrated in local galaxies in the rest-frame optical, are all redshifted to the NIR regime (λ=1.0-2.3 µm). We make a stress that our NIR spectroscopy is highly feasible and efficient, since our targets are selected by the presence of strong emission lines in the NB filters (Koyama et al. 2013a; Hayashi et al. 2012) .
From the NIR spectroscopy, we investigate the following quantities of our Hα selected SF galaxies at z > 2. We will measure the strength of dust attenuation by estimating the dust attenuation of Hα emission lines based on the Balmer decrement technique ( Hα/ Hβ line ratios) and other corrections. We will study gaseous metallicities using the Pettini & Pagel (2004) (Juneau et al. 2011) . We then investigate the environmental dependence of the mass-metallicity relation.
We first describe our data and the analyses. We then show our results from various aspects; dust extinction ( §3.1), MEx diagram ( §3.2), BPT diagram ( §3.3), and massmetallicity relation ( §3.4). We discuss the differences of the physical properties and the SF activities between low-versus high-redshifts, and field versus dense environments. The final section gives the conclusions of this work.
We assume the cosmological parameters of ΩM =0.3, ΩΛ=0.7 and H0=70 km/s/Mpc throughout this paper. We employ the Salpeter (1955) initial mass function (IMF) which results in 1.8 times larger SFRs and stellar-masses compared to the ones when the Chabrier (2003) IMF is assumed.
DATA & ANALYSIS

Observational data
With an aim to explore the mechanism of biased galaxy formation in the early formation epoch of galaxy clusters, in this paper, we study the physical properties of HAEs in the two rich protoclusters associated with radio galaxies (RGs), PKS 1138-262 (z = 2.16; hereafter PKS1138) and USS 1558-003 (z = 2.53; hereafter USS1558). In the respective protoclusters, 48 and 68 HAE candidates that show excess fluxes in the NB and are demarcated by a broad-band colour-colour diagram (BzK or rJK) to sep- Figure 1 . Examples of the resultant spectra of HAEs in the PKS1138 and USS1558 protoclusters. Black, blue line and grey filled region show reduced spectra, fitting curve, and sky poisson noise levels. We here subtract a continuum of each spectrum.
arate Hα emitters (HAEs) at the cluster redshift from contaminant [Oiii]/ [Oii]/ Paα emitters at other redshifts (see Koyama et al. 2013a; Hayashi et al. 2012 for more details). In the latest study, we have confirmed 27 and 36 HAEs spectroscopically among them ) with MOIRCS, a NIR imager and spectrograph (Ichikawa et al. 2006; Suzuki et al. 2008 ) mounted on the 8.2-m Subaru telescope on Mauna Kea. In this spectroscopy, we observed in total 90 HAE candidates by using a low resolution grism (HK500: λ=1.3-2.5 µm, R∼500 for 0.8 arcsec slit width) for 5 masks, and a high resolution grism (VPH-K: λ=1.9-2.3 µm, R∼1700 for 0.8 arcsec slit width; see Ebizuka et al. 2011 ) for one of the 3 masks for PKS1138. Integration times were longer than 2 hours per mask (see more detail in Shimakawa et al. 2014) . In PKS1138, 49 HAEs are identified until now when we count the additional ∼22 spectroscopically confirmed galaxies including Lyα emitters as reported by Kurk et al. (2000 Kurk et al. ( , 2004a (Koyama et al. 2013a; Hayashi et al. 2012 ), (4) 3σ limit of star-formation rates (without dust correction) of HAEs detected by the respective past studies, (5) the number of observed target by low resolution grism (HK500) on MOIRCS and (6) the number of confirmed targets by HK500 (excluding 3 objects in PKS1138 confirmed by VPH-K grism). cal scale). The dynamical masses of these protocluster cores inferred by velocity dispersions trace the mass-evolution of the most massive class of galaxy clusters (1E15 M⊙) seen in local universe . Based on the reduced spectra taken by the low resolution grism of MOIRCS spectroscopy Shimakawa et al. (2014) , we study the physical properties of individual HAEs in the dense environments. They are fitted by gaussian curves with specfit (Kriss 1994 ) that are distributed within stsdas 1 layered on top of the iraf 2 environment. We usually apply a single gaussian fitting iteratively, but sometimes apply a multi-gaussian fitting for a broad or a multiple blended emission line, and then the chi-square minimization technique is used to best fit the line profile. As the results, while about a half of the resultant spectra show [Oiii] lines coupled with Hα lines with above 3 sigma level, [Nii] and Hβ lines cannot be detected in most of the sample. Some examples of the resultant spectra including best fit curves, and sky poisson noise levels are represented in Figure 1 . This work basically discusses about confirmed HAEs with Hα fluxes 3>σ by the low resolution grism (Table 1) .
In this work, we often use the NB flux, stellar-mass, and optical band magnitude derived from the previous imaging surveys with MOIRCS and Suprime-cam (Koyama et al. 2013a; Hayashi et al. 2012) . For comparison of our data with field counterparts at the similar redshifts, we are referring several samples as reported by Newman et al. (2014) ; Erb et al. (2006a) . Also, we use SDSS sample (Abazajian et al. 2009 ) at 0.04 < z < 0.3 as comparison of the galaxies at between low-redshift and high-redshift. Through this paper, we select the SDSS galaxies with equivalent width (EW) of Hα emission line greater than 20Å, because our data are based on the previous NB imaging (Koyama et al. 2013a; Hayashi et al. 2012 ) which picked up the HAEs with EWHα >20Å in the rest frame. Moreover, we select only those whose [Nii] λ6583Å, Hαλ6563Å, [Oiii]λ5007Å and Hβλ4861Å emission lines are all detected more than 3 sigma reliability. Table 2 . Properties of the stacked spectra of Hα emitters in PKS1138 and USS1558 separated into two stellar mass bins (low and high) and the same stellar-mass bin for comparing with each protocluster (mid). (1) ID categorized by stacking method, (2) number of galaxies in each bin, (3) the median stellar-mass, 1σ scatter and (4) stellar-mass range of individual spectra used in stacking.
ID
Num We thus apply a stacking analysis by summing up the individual spectra. This technique is useful to investigate 'averaged' properties if we have lots of data but with low signal-to-noise ratios. We here stack the individual spectra with the signal-to-noise ratio as a weight. We divide our sample into two bins by stellar-mass in each protocluster as shown in Table 2 (PKS1138-low, -high and USS1558-low, -high). In the stacking analysis, we only use the spectra taken by the low resolution grism HK500. The spectral stacking is done using the following equation,
where Fi(λ) is a flux density of an individual spectrum and σi(λ) is a sky poisson noise as a function of wavelength. We then apply the least chi-square fitting technique to the stacked line profiles by multi gaussian curves with specfit as we apply to the individual spectra. We sum up the spectra with 'median' combine, as it turns out a better way to suppress unwanted stochastic noises in the individual spectra. The spectral fitting results are shown in Figure 2 . We see detections of [Nii] and Hβ lines (although at low S/N ratios) in most of the stacked spectra. Also, clear mass- Figure 2 . The resultant stacked spectra (from the top: PKS1139-low, -high, USS1558-low and -high). Grey and blue curves show stacked spectra and the results of the spectral fit.
dependences of [Nii] , [Oiii] , and Balmer lines can be found in the sense that the stacked spectra of high stellar-mass bins tend to have stronger [Nii] and weaker [Oiii] compared to those of lower-mass bins. In addition, for a direct comparison between the two different protoclusters, we also stack the spectra with a common stellar mass bin, and they are represented by PKS1138-mid and USS1558-mid. However, we cannot find any difference between the two observed protoclusters in the stacked spectra of the same stellar-mass bin (Table 2 ). Therefore we hereafter show only the stacked spectra of PKS1138-low, -high, USS1558-low, and -high, to improve visibility of the figures, unless otherwise noted.
PHYSICAL STATES OF SF GALAXIES
Physical properties of SF galaxies in dense environments can provide us with vital information on how galaxies are formed, and affected by surrounding environments such as galaxy-galaxy mergers, and how they evolve together with central super massive black holes, and so on.
Dust extinction
Environmental dependence is found to be seen in the dust attenuation of SF galaxies as reported for a galaxy cluster at z = 0.4 by Koyama et al. (2013b) , in the sense that dusty galaxies are more frequently seen in medium density regions. This is probably because of higher chance of galaxy-galaxy interactions and thus higher opportunity of centralized dusty starburst events in such environment at that redshift.
The emission line fluxes of ordinary SF galaxies are obscured by dust. We here investigate the dust attenuation of the protocluster galaxies at z > 2 in two ways, namely, based either on the Balmer decrement or on the ratios between SFR( Hα) and SFR(UV) (Kashino et al. 2013; Wuyts et al. 2013; Koyama et al. 2014 ) by assuming the Calzetti et al. (2000) extinction curve, k(λ).
In the former case, we estimate the amount of dust extinction for Hα flux using the observed Hα/ Hβ line ratio measured from the stacked spectra, A Hα,Balmer = 6.535 log(F obs (Hα)/F obs (Hβ)) − 2.982 (2) We here assume that the intrinsic Hα/ Hβ line flux ratio is 2.86 for a Case-B recombination in the gas temperature of Te=10 4 K and the electron density of ne = 10 2 cm −3 (Brocklehurst 1971 ).
In the latter case, the extinction magnitude for a Hα line can be estimated by the following equation:
AHα,UV = AUV + 2.5 log(SFR obs (UV)/SFR obs (Hα)), (3) where SFR(UV) is estimated by using the Kennicutt (1998) 
conversion and SFR(UV)=1.4×10
−28 Lν erg/s/Hz. We calculate Lν from the B 3 and r' band fluxes (λrest ∼1400Å and 1770Å for PKS1138 and USS1558, respectively). According to the Calzetti et al. (2000) prescription for dust extinction, k(λ) values at three relevant wavelengths are k(λ6563Å)=kHα=3.33, k(λ1400Å)=10.78, and k(λ1770Å)=9.48. The actual absolute values of extinction depend also on the effective obscuration factor, RV =AV /Es(B − V ). This work adopts RV =4.05 (Calzetti et al. 2000) . SFR obs ( Hα) is also estimated by the Kennicutt (1998) 
LHα, where LHα is the Hα line luminosity. We use the Hα flux estimated from the NB flux (F (NB)) to avoid any flux loss. They are sampled by our previous NB imaging surveys (Koyama et al. 2013a; Hayashi et al. 2012) . It should be noted that F (NB) usually contains [Nii] emission line flux, and we need to correct for such contamination. Here we apply a mass-dependent flux correction. The amount of correction is determined as a function of stellar-mass using the correlation between stellar-mass and [Nii]/ Hα line ratio that we derive from the stacking analysis, which is equivalent to the mass-metallicity relation (sees more detail in §3.4).
Furthermore, we need to convert from stellar absorption to nebular attenuation (A nebula ∝Astar/f ). The strength of dust obscuration depends not only on dust-to-gas ratio but also on the geometry of dust and OB stars in Hii regions where the emission lines originate from. We explore an appropriate extra extinction of nebular emission lines compared to that of stellar light since it is critical for studying physical properties of SF galaxies as discussed by many authors (Yoshikawa et al. 2010; Kashino et al. 2013; Wuyts et al. 2013; Whitaker et al. 2014) . Kashino et al. (2013) report that f value can be larger for distant SF galaxies at z > 1 (f =0.69-0.83) based on sBzK-selected galaxies Large open triangles and squares indicate the stacked spectra of HAEs in PKS1138 and USS1558, respectively, and their error-bars represent ± 1 σ errors. Red filled triangles and squares show the individual HAEs in PKS1138 and USS1558, respectively. For the objects whose detection significance is lower than 2σ in the B-band, we use the 2σ limiting magnitude in B or r'-band to estimate the UV flux. We also use the 2σ flux if the Hβ flux of a stacked spectrum is less than the 2σ detection limit to estimate A Hα,Balmer . (Daddi et al. 2007 ). On the other hand, if the cloud scaling relation reported by Larson (1981) breaks down at high redshifts, the proportionality would change (Wuyts et al. 2013 ). Wuyts et al. (2013) have proposed a new approach for dust correction, which uses a non-linear conversion from stellar to nebular extinctions based on 473 massive SF galaxies (M⋆ > 10 10 M⊙) at 0.7 < z < 1.5. We investigate appropriate f value which can give consistent dust attenuation values for HAEs in USS1558 with both the Balmer decrement technique and the UV/ Hα method, and we obtain the best value of f =0.66. Figure 3 shows AHα versus stellar-mass relation. With the f value and the prescrptions as described above, the discrepancies between A Hα,Balmer based on the stacked spectra and the median values of AHα,UV for individual objects are only 0.021 for less massive HAEs (USS1558-low) and 0.016 for massive ones (USS1558-high). We hereafter ignore such small residuals as they have no practical impact on our results. In Fig. 3 , local relationship for SDSS galaxies (with Hα equivalent width larger than 20Å) is also show by a grey zone. The zone corresponds to the AHα values within ±1σ derived from the Balmer decrement technique. While we do not see any significant difference in Hα extinction of our sample compared to the local sequence, we newly identify some extremely dusty objects in both of the protocluster fields. In particular, one of them seen in USS1558 is a sub-millimeter galaxy (SMG) as reported by Tadaki et al. (2014) . More details regarding the dusty and starburst populations and their environmental dependence will be discussed in a forthcoming paper (Kodama et al. in preparation) . It should be noted that the decline of A Hα,Balmer seen for the most massive class of SDSS SF galaxies (M⋆> 10 11.4 M⊙) is not convinsing due to a completeness issue.
Mass-excitation diagram
Various line ratios can deliver physical properties such as gaseous metallicity, ionization parameter, and electron density of the ionized gas in Hii regions. Line ratios are usually measured for sets of strong lines such as [Oiii]/ Hβ and [Nii]/ Hα, located near in wavelength so that the ratio is almost free from dust extinction. In order to derive the physical quantities from the line ratios, many authors have invented and improved the line diagnostics using theoretical models and/or the empirical calibrations based on local galaxies. Among them, some traditional treatments are widely used, such as BPT diagram (Baldwin, Phillips & Terlevich 1981, see §3. 3) and massmetallicity relation (Tremonti et al. 2004, see §3.4) . In §3.2-3.4, we show the physical properties of HAEs in the protoclusters based on several line diagnostics, and compare them with SDSS local galaxies and the field galaxies at similar redshifts (z=2.1-2.5).
This MOIRCS spectroscopy not only confirms the existence of Hα emission line for a large number of NB-selected HAE candidates, but also detects By studying the relationship between [Oiii]/ Hα line ratio and stellar mass, we obtain a diagnostic which can demarcate Seyfert AGNs from SF galaxies and discuss the physical states of the galaxies. This diagram is called MassExcitation (MEx) diagram which was first discussed by Juneau et al. (2011) . The original MEx is presented by using a close-pair line ratio, [Oiii]/ Hβ. However, this work alternatively employes the [Oiii]/ Hα line ratio for individual objects to derive [Oiii]/ Hβ ratio by assuming the dust extinction (UV/ Hα) as presented in the previous section, because Hβ lines are rarely detected for individual galaxies. Figure 4 shows the MEx diagram. We can see that the [Oiii]/ Hβ line ratios of our sample are clearly high compared to the SDSS galaxies. It indicates that the ionizing states of high-z galaxies are significantly higher than low-z galaxies. Such high excitations of the protocluster galaxies at z > 2 are consistent with those of field galaxies as noted by recent works (Newman et al. 2014; Kewley et al. 2013b; Holden et al. 2014; Masters et al. 2014; Steidel et al. 2014) . To compare our result with field galaxies at the similar redshifts, the field SF galaxies (and some X-ray sources) obtained by SINS and LUCI survey (Newman et al. 2014 ) are also represented. The success rate of [Oiii] detection (> 2σ) is poor for high-mass galaxies and the 2σ limit flux is assigned to the objects if [Oiii] line is not detected. The absence of [Oiii] line in high-mass galaxies is likely to be caused by high dust extinction and intrinsically smaller [Oiii] fluxes in massive galaxies compared to lower-mass objects. The stacked spectrum 'PKS1138-high' in the higher mass bin has a higher [Oiii]/ Hβ line ratio than that of 'USS1558-high' in spite of the fact that 'PKS1138-high' bin is more massive than that of 'USS1558-high'. It may be caused by a significant contribution of Seyfert-type AGNs, and indeed 'PKS1138-high' and three massive objects in PKS1138 are slightly offset to the AGN regime from the M⋆ vs.
[Oiii]/ Hβ sequence which is established for field samples at z > 2 (Fig.  4) . However, none of the HAEs in PKS1138 are detected by Chandra X-ray observations (Pentericci et al. 2002) . At this stage, we cannot clearly identify AGN contaminations.
BPT diagram
The BPT diagram is the most traditional diagnostic to investigate the physical states of galaxies and identify AGN contributions (Baldwin, Phillips & Terlevich 1981 (Koyama et al. 2013a; Hayashi et al. 2012) , and the contamination of LINERs should be negligible since their EWHα is small (< 6Å) as they are dominated by old (red) stellar continuum (Cid Fernandes et al. 2011) . In this work, we use [Nii]/ Hα versus [Oiii]/ Hβ diagnostic which is more faborably used than other line diagnostics such as those using [Oi] or [Sii] since these lines are too weak to be detected for high redshift galaxies in most cases.
The theoretical predictions on the BPT diagram has been improved by many works in the literature such as Veilleux & Osterbrock (1987) ; Kewley et al. (2001) ; Kauffmann et al. (2003) ; Kewley et al. (2006) . However, applicability of the BPT diagram is disputable because high-z galaxies, especially those at z > 2, are systematically offset from the tight sequence ('abundance sequence') established by low-z SF galaxies in the sense that [Oiii]/ Hβ and/or [Nii]/ Hα line ratios of z > 2 SF galaxies are much higher than those of low-z SF galaxies (Erb et al. 2006a; Newman et al. 2014; Kewley et al. 2013b; Masters et al. 2014; Steidel et al. 2014) . Also, AGN branch at low-z seems to be shifted at high-z (Kewley et al. 2013b,a) . Kewley et al. (2013b) have newly defined the demarcation line semiempirically depending on cosmic redshift (0 < z < 2.5) called as cosmic BPT diagram. They adjust several physical parameters to match the distant SF galaxies (and AGNs), by assuming lower gaseous metallicity, high ionization parameter, and harder radiation field. Figure 5 shows the BPT diagram with our data points from the stacked spectra and the individual measurements for the objects whose [Nii] line is detected above 2σ levels. For comparison with lower-z galaxies and the field galax-ies at z=2.1-2.5, we also plot other data taken from the literature (Abazajian et al. 2009; Newman et al. 2014, respectively) . At z > 2, the chemical abundance sequence has higher [Oiii]/ Hβ ratios on average than that of local SF galaxies as seen in Fig. 5 are not detected in X-ray, however, which may indicate that they are dust-obscured AGNs. We exclude these AGN-like HAEs demarcated by this diagram from the stacked spectra hereafter, which can provide us with the information about Hii region like properties of the protocluster galaxies more directly. However, individual spectra are very shallow and we cannot constrain below log( [Nii]/ Hα) 0.5 at all. This work can relatively avoid the contamination of AGNs, how AGN activities are going on in the dense environments is needed to discuss as further issues.
Mass-metallicity relation
The gaseous metallicity is one of the crucial physical quantities to trace the chemical enrichment histories hence star formation histories of galaxies. There is a well established relationship between stellar-mass (or luminosity) and metallicity known as the mass-metallicity relation (M-Z relation) , and it provides invaluable insights into physical processes of galaxy formation and evolution as it contains a cumulative information of gas accretion, chemical nucleosynthesis and outflows of galaxies. While the metallicity increases with age, stellar-mass grows up not only with age but also by galaxy-galaxy mergers. The gaseous metallicity strongly correlates with the gas mass fraction in the sense that the galaxies with larger gas fractions tend to have lower metallicities (Mannucci et al. 2010; Tadaki et al. 2013 ). Low-mass galaxies have higher gas fractions and they are not yet chemically enriched enough compared to massive galaxies. In dense regions, it is considered that galaxies are more evolved due to accelerated galaxy formation. Moreover, the gas that is once ejected out of a galaxy by a galactic wind may fall back again to the host galaxy on a shorter timescale in denser environments (Davé, Finlator & Oppenheimer 2011) . In fact, Kulas et al. (2013) show an offset of gaseous metallicity in the low-mass protocluster galaxies (M⋆ 10 11 M⊙) at z = 2.3. Gaseous metallicity can be estimated in many ways such as N2 index (Pettini & Pagel 2004) , R23 (McGaugh 1991; Kobulnicky & Kewley 2004) , and a direct Te method (Izotov et al. 2006) . The absolute values of metallicities depend on the method to take, and thus conversion factors are required to compare metallicities among different studies (Kewley & Ellison 2008 ). Several authors have compared various metallicity calibrations, and obtained consistent metallicities based on different line ratios (Nagao, Maiolino & Marconi 2006; Maiolino et al. 2008; Troncoso et al. 2014 ). However, the gaseous metallicity strongly correlates with the ionization parameter except for some specific line ratios such as [Nii]/ [Oii] (Kewley & Dopita 2002) . Also, if ISM conditions of SF galaxies change drastically with the cosmic times, as is likely the case, it makes such line diagnostics difficult and the comparison of gaseous metallicities quite uncertain between galaxies at different redshifts (Nakajima et al. 2013; Nakajima & Ouchi 2013) . Any reliable diagnostic for high redshift galaxies has not been established so far, and it should be noted that this work discusses only "relative" values of gaseous metallicities at similar redshift (z∼2) as they are more robust than absolute values.
We estimate a gaseous metallicity using the N2 index measured from the stacked spectrum. This diagnostic is quite useful and commonly used by past studies (e.g. Erb et al. 2006a ) since it requires only [Nii]λ6583Å and Hαλ6563Å lines. Because of the close proximity of the two lines, this index is free from uncertainties in flux calibration or dust extinction. The N2 index has been empirically calibrated with local galaxies, and it gives an unique solution of metallicity as it monotonically increases with metallicity unlike the R23 index which often gives two solutions. It is thus an useful diagnostic for a relative comparison of gaseous metallicities among galaxies. Whereas the scatter around the conversion equation between the N2 index and the metallicities is higher than that of R23 index. The N2 index is defined by the following expression (Pettini & Pagel 2004) , 12 + log(O/H) = 8.90 + 0.57 N2.
(4)
Although Pettini & Pagel (2004) give a better fit to the data by a third-order polynomial function as also noted by Nagao, Maiolino & Marconi (2006) , we here adopt eq. (4) in order to compare our results directly with the past works (Erb et al. 2006a ). The [Nii] line is actually very weak for individual galaxies even if it is ever visible, but it is detected at more than 2σ significance in the stacked spectra of PKS1138 (of all mass bins) and USS1558 (only at the high mass bin). Figure 6 shows stellar masses versus gaseous metallicities of SDSS galaxies, field galaxies at z = 2.2 (Erb et al. 2006a ), and our protocluster galaxies measured from the stacked spectra ( §2.2). It is known that there is a tight correlation between gaseous metallicity and stellar mass as seen in the SDSS galaxies (Fig. 6) . The metallicities of the galaxies in the PKS1138 protocluster at z = 2.2 (red triangles) are systematically shifted upward by 0.1 dex from the best-fit curve of the z = 2.2 field galaxies shown by the blue dashed curve (Erb et al. 2006a ). The data point of 'USS1558-high' is also located on the same sequence of PKS1138, which suggests that the SF galaxies in both protoclusters have similar chemical abundance for a given stellar-mass. It should be noted that the stacked spectra, especially 'PKS1138-high' may be contaminated by AGNs as discussed in §3.3, which raises the [Nii]/ Hα line ratio. We have therefore excluded those AGN candidates demarcated by the cosmic BPT diagram (Kewley et al. 2013b ) from the stacked spectra. It has lowered the data point by ∼0.1 dex with respect to the original point of 'PKS1138-high'. As a result, we have confirmed the clear excess in gaseous metallicities in protoclus- Figure 6 . Stellar-mass versus gaseous metallicity diagram. We here estimate the metallicities based on the [Nii]/ Hα line ratios using the empirical calibration (Pettini & Pagel 2004) . Open triangles and squares indicate the stacked spectra of in PKS1138 and USS1558, respectively. Here is the revised metallicity corrected for AGN contamination based on the cosmic BPT diagram (Kewley et al. 2013b ). We employ the 2σ upper limit for [Nii]-undetected (< 2σ) objects. Blue circles indicate the metallicities measured from the stacked spectra of UV-selected field galaxies at z = 2.2 (Erb et al. 2006a ). The cyan curve is the best-fit curve to the Erb et al. (2006a) results. Open diamonds represent the SDSS galaxies with EW Hα >20Å (Abazajian et al. 2009 ). Errorbars indicate flux errors of 1 sigma in the respective samples.
ter galaxies at the mass range of 10 11 M⊙. The recent result on another protocluster at z=2.3 by Kulas et al. (2013) with MOSFIRE on Keck, is consistent with our result as it also reports a higher metallicity in the dense environment than in the field.
We approximately fit the mass-metallicity relation to our sample by a second-order polynomial function as follows,
where x ≡ log(M⋆/M⊙)−10. We will use this calibration to estimate the contamination from [Nii] line flux and subtract it from the NB flux (= Hα+ [Nii] ) to obtain Hα flux ( §3.1).
DISCUSSION
Protoclusters are the ideal laboratories to study how the strong environmental dependence in galaxy properties seen today was initially set up. Strong line ratios such as [Nii]/ Hα can deliver vital information on the formation and evolution of galaxies in there. In this section, various causal connections, implications, and speculations regarding the forming process of high-z galaxies and its environmental dependence will be discussed based on the results of this work.
High ionization states of SF galaxies at z > 2
The BPT and MEx diagrams show that the SF galaxies in the protoclusters at z > 2 have high ionization states even for massive objects. Such a high excitation level seen in high-z galaxies have been reported by many recent studies in the general fields (Erb et al. 2006a; Kewley et al. 2013b; Newman et al. 2014; Holden et al. 2014; Masters et al. 2014; Steidel et al. 2014 ). Line-luminous galaxies actually tend to be located at the upper side of the abundance sequence on the BPT diagram (Juneau et al. 2014) . It seems unlikely that this is due to an observational bias where we may be selectively sampling galaxies with higher [Oiii]/ Hβ ratios with higher completeness in our z > 2 sample. For example Kewley et al. (2013b) have confirmed that their sample of z > 2 galaxies do not suffer from such a bias originated from the sensitivity limit. What is the major intrinsic cause of the high excitation level (higher [Oiii]/ Hβ ratio for a given [Nii]/ Hα) at high redshifts? It can be attributed to different ISM conditions (ionization parameter, hardness of radiation field, and electron density) of high redshift SF galaxies compared to those of lower redshift counterparts as discussed in (Kewley et al. 2013a) . Local SF galaxies represent a tight abundance sequence, which is a sequence of changing metallicity as it is called, and it is equivalent to changing the ionization parameter. The galaxies are shifted to upper-left direction along the sequence as metallicity decreases and hence ionization parameter increases (Dopita et al. 2000) . However, the ISM condition of highz galaxies may become quite different from that of low-z galaxies. In fact, the latest works are now revealing different ISM conditions in z > 2 galaxies with deep near-infrared spectroscopy (Newman et al. 2012; Nakajima et al. 2013; Nakajima & Ouchi 2013; Masters et al. 2014; Steidel et al. 2014) . However, it is still unclear especially for massive (log(M⋆/M⊙)>10) and dusty objects which are less visible in the rest-frame UV regime.
In this work, we discuss more quantitatively the offset of the abundance sequence at z > 2 including massive and dusty SF galaxies based on the gaseous metallicities and the specific star-formation rates (sSFR). sSFR is also an important parameter that controls the ionization states or [Oiii]/ Hβ line ratios, and indeed Brinchmann, Kunth & Durret (2008) have found that the SDSS galaxies with higher Hα equivalent width (almost equivalent to higher sSFR) are slightly elevated from the average sequence of the full-sample of SF galaxies. Furthermore, sSFR increases dramatically as we go closer to z ∼ 2 (Daddi et al. 2007; Whitaker et al. 2012 ) while gaseous metallicity decreases (Erb et al. 2006a; Maiolino et al. 2008; Troncoso et al. 2014 ). According to Whitaker et al. (2012) , sSFR of z = 2 SF galaxies at log(M⋆/M⊙)=10.5 is ∼33 times larger than that of z = 0 galaxies. There are few such galaxies with extremely high sSFRs in the low-z universe. It is thus considered that such significantly high sSFRs at z ∼ 2 are probably responsible for their very high ionization states. Figure 7a shows a BPT diagram for the SDSS galaxies. The red and blue curves show the difference in galaxy distributions on this diagram between those having higher dust-corrected sSFR (sSFRcorr) above the 1σ scatter at a given N2 index (≡log( [Nii]/ Hα) or gaseous metallicity), and those with nearly average sSFRcorr values within ±1σ scatter. Here, we employ only the Hii region-like galaxies in the SDSS sample within a specific redshift range (z=0.04-1) selected by local BPT diagram (Kewley et al. 2006 ) and their sSFR are based on Brinchmann et al. (2004) . We can see that the [Oiii]/ Hβ ratios of the galaxies with higher sSFRs (by ∼ 0.5 dex; see the bottom panel of Fig. 7a have systematically higher [Oiii]/ Hβ ratio by ∼ 0.1 dex for a given N2 i.e. metallicity on average).
On the other hand, Fig. 7b represents the dust-corrected sSFR (sSFRcorr) versus [Oiii]/ Hβ line ratio and their difference in galaxy distribution on the diagram between those having lower N2≡log( [Nii]/ Hα) (lower than 1σ scatter at a given sSFRcorr) and those having nearly averaged N2 values within ±1σ. Our HAEs in the protocluster are over-plotted in this diagram by filled triangles and squares. sSFRcorr are derived from the NB fluxes with the dust correction based on UV/ Hα ratio ( §3.1), and the stellar-masses are derived from Ks-band magnitudes and J−K colours as explained in Koyama et al. (2013a) ; Hayashi et al. (2012) . The [Oiii]/ Hβ line ratios are estimated from the [Oiii]/ Hα line ratios using the dust correction prescription by UV/ Hα ratio ( §3.2). Interestingly, the HAEs in the protoclusters at z > 2 more or less follow the extension of the correlation between sSFR vs.
[Oiii]/ Hβ for the SDSS galaxies. Such trend is also reported in a recent paper (Holden et al. 2014 ), but our sample covers a wider stellar-mass range (9 log(M⋆/M⊙) 12). In fact, our protocluster galaxies at z > 2 have drastically higher sSFR (by 1-2 orders of magnitude) as well as much higher [Oiii]/ Hβ ratios compared to the SDSS galaxies. This strongly suggests that sSFR is a key factor that raises the [Oiii]/ Hβ line ratios. Moreover, the ratios also depend on the gaseous metallicity in the sense that lower [Nii]/ Hα ratios (N2 values) hence lower metallicities raise the [Oiii]/ Hβ line ratios for a fixed sSFR. Therefore, the significant offset of high-z SF galaxies on the BPT diagram is likely to be caused by their both higher sSFRs and lower metallicities compared to those of local galaxies. Lower metallicities shift the galaxies to the upper left direction on the BPT diagram (lower [Nii]/ Hα and higher [Oiii]/ Hβ) (Kewley et al. 2013a) . Also, higher sSFRs raise the [Oiii]/ Hβ line ratios further at a given metallicity (N2).
However, it should be noted that yet some other factors may be contributing to the offset of the high-z galaxies on the BPT diagram, such as the shock excitation by outflows and the stellar wind by hot O stars (Whitaker et al. 2014) . These effects are likely to be induced by high star formation activities. Whitaker et al. (2014) claim that [Nii]/ Hα ratio may become higher as the ionization parameter is reduced due to cleared ionized gas surrounding the ionizing sources by the stellar winds (Yeh & Matzner 2012) . Also, outflows lead to the shock excitation of [Nii] line (Kewley et al. 2013a) . These processes are supported by the studies which report that SF galaxies at z > 2 tend to have high outflow rates (e.g. Erb et al. 2006a) . Among other possibilities, Wolf-Rayet (WR) stars would enhance the nitrogen line in the Hii regions, if the abundance ratio of WR to O stars, i.e. N(WR)/N(O), is higher in high-z galaxies as seen in the 'green pea galaxies' (Amorín, Pérez- 
Fundamental metallicity relation
We now discuss the fundamental metallicity relation (FMR) of the protocluster galaxies. Mannucci et al. (2010) show that the scatter around the M-Z relation is mainly driven by the correlation between SFR and metallicity at a given stellar mass (see also Mannucci, Salvaterra & Campisi 2011; Bothwell et al. 2013; Stott et al. 2013; Yabe et al. 2014; Troncoso et al. 2014) in the sense that galaxies with higher SFRs tend to have lower metallicities. The FMR is thus expressed as 12+log(O/H) = log(M⋆/M⊙)−0.32 log(SFR) (≡ µ0.32) and it has a scatter of only 0.05 dex. Moreover, the form of FMR seems unchanged out to z ∼ 2.5 (Mannucci et al. 2010) , and probably to z 3 as traced by Lyman break galaxies (Nakajima et al. 2013; Nakajima & Ouchi 2013 , but see also Mannucci et al. 2010; Troncoso et al. 2014) . It means that most of the SF galaxies can evolve only on the FMR and that star formation and chemical enrichment in galaxies are well regulated through secular processes across the large redshift range.
An obvious extension of such studies is to investigate the environmental dependence of the FMR at high redshifts to know if the chemical enrichment history, and thus the regulation laws among star formation, inflow, and outflow, could be different in different surrounding environments. Magrini et al. (2012) do not see any difference in the FMR for cluster galaxies at z = 1.4. We now show the results for higher redshift clusters at z > 2 where massive galaxies are just growing rapidly (Kodama et al. 2007 ). During such critical epoch of galaxies formation, they would go through some violent, unstable phases such as massive gas infall, outflows by SF/AGN feedbacks, and galaxy-galaxy mergers, which are all possibly environmentally dependent. It would then produce some environmental variation in the FMR. Figure 8 represents µ0.32 versus gaseous metallicities of HAEs in the protoclusters and those in the general field (Erb et al. 2006a; Mannucci et al. 2010) . We here have revised the gaseous metallicities based on the Maiolino et al. (2008) prescription ( [Nii] / Hα ratio) instead of the Pettini & Pagel (2004) method, because the Maiolino et al. (2008) prescription is preferable in comparing FMR (Mannucci et al. 2010 ) of this work with that in general fields by the same method as described below. Here, we adopt the median values of stellar mass and SFR at each bin, and the error-bars indicate 1σ scatters of the stacked spectra. Our protocluster data are located above the fundamental plane (orange curve) at µ0.32 10 although some of them are still consistent within the errors. The slight offset of the FMR of the protocluster galaxies is basically caused by the metal enhancement at the stellar mass smaller than 10 11 M⊙. It should be noted that the extinction correction is different between this work and Erb et al. (2006a) , and our plots would be shifted rightward by 0.1 dex at most if we adopt the same dust correction prescription taken by Erb et al. (2006a) (see also Erb et al. 2006b ). With such an uncertainty in mind, we still see that the FMR of the protocluster galaxies is a bit offset to a higher metallicity on average compared to the field counterpart at the same redshift.
We note that there are some caveats when we compare metallicities of SF galaxies at z > 2 with those in the low-z Universe. Firstly, we show only the averaged values of gaseous metallicities, SFRs and stellar-masses of HAEs in the protocluster. Moreover, the high-z SF galaxies have higher ionization parameters and electron densities, which may lead us to give wrong estimates in gaseous metallicities Nakajima & Ouchi (2013) . In fact, we know that the abundance sequence of high-z galaxies on the BPT diagram is clearly different from the local sequence. Therefore, we may not be able to compare the gaseous metallicities of high-z galaxies directly with those of low-z galaxies based on the same line diagnostics assuming the same ionization states. In order to fully discuss the evolution of physical properties based on line ratios, such as gaseous metallicities, we should first identify the ISM conditions (ionization states) of individual galaxies and correct for that effect. In addition, we need to establish more statistical sample of SF galaxies at various redshifts in both protoclusters and general fields in order to confirm the environmentally dependent chemical evolution of galaxies.
Environmental dependence of galaxy formation at z > 2
The PKS1138 and USS1558 are the largest class of protocluster at z = 2.2 and z = 2.5, respectively which are likely to grow to a massive cluster of a total mass of ∼ 10
15
M⊙ by the present-day . As such it is the ideal place to test the environmentally dependent galaxy formation in the early epoch. We have compared the physical states and the gaseous metallicities of HAEs in the protoclusters at z=2.2 and 2.5 with those in the general fields to address the environmental dependence in galaxy formation. Our data cover a wide range in stellar mass, i.e.
log(M⋆/M⊙)=9-12, which enables us to investigate the mass dependence of the environmental dependency as well.
The relationship between stellar-mass (or luminosity) and gaseous metallicity known as the mass-metallicity (M-Z) relation (e.g. Tremonti et al. 2004; Erb et al. 2006a; Kewley & Ellison 2008; Maiolino et al. 2008; Yabe et al. 2012; Troncoso et al. 2014; Zahid et al. 2014 ) provides crucial information on the histories of star formation, gaseous inflows and outflows. Chemical enrichment of a galaxy occurs as a result of stellar nucleosynthesis and mass-loss or supernova explosions such as type II and I supernova. The chemical evolution thus depends on a past star formation history and a stellar initial mass function (IMF). In addition to the time variation of SFR, gaseous inflow and outflow rates and their time variation also affect chemical evolution, as metals are diluted by infall of primordial gas or ejected from the systems by outflows due to stellar/AGN feedback.
The upward shift of the M-Z relation in the protocluster with respect to that of the general field at z ∼ 2 indicates that the chemical evolution proceeds faster in the dense environment at a given stellar mass. Recently, Kulas et al. (2013) first noted the excess of gaseous metallicities of SF galaxies in the protocluster HS1700+643 (z = 2.3) as compared to the general fields, at the stellar mass range of log(M⋆/M⊙) 11. This is consistent with our result ( §3.4). The reasons for such an offset of the M-Z relation in the protocluster at z > 2 have four possibilities, namely, (1) recycling of chemically enriched gas due to higher inter galactic medium (external or nurture effect) (Davé, Finlator & Oppenheimer 2011; Kulas et al. 2013) , (2) stripping of Hi gas in the outer reservoirs by galaxygalaxy interactions (external or nurture effect) (3) advanced stage of down-sizing galaxy evolution (intrinsic or nature effect) (Thomas et al. 2005) , (4) top-heavy IMF in young star-bursting phase, and (5) sample selection.
(1) First of all, the environmentally dependent recycling of chemically enriched gas is discussed by Kulas et al. (2013) . They suggest that the metal enhancement seen in the over-dense regions can be accounted for by a fallback and a recycling of ejected outflowing gas due to higher pressures of the surrounding inter galactic medium (IGM) in clusters. Recycling of chemically enriched gas leads to the formation of next generation of stars and thus chemical evolution would be proceeded further in clusters. Such phenomenon is actually predicted by numerical hydrodynamical simulations by Oppenheimer & Davé (2008) ; Davé, Finlator & Oppenheimer (2011) . In this scenario, the metal enhancement depends not only on the IGM density hence the richness of clusters, but also on the dynamical mass of individual galaxies. Such differential chemical evolution between different environments must be more prominent for less massive galaxies because massive galaxies have larger potential wells and the gas tends to be retained and easier to be recycled in any case irrespective of their surrounding environments. This is favored by the observations which indicate a lack of environmental dependence of metallicities in massive galaxies.
It is not known yet whether there is a direct connection between the gas recycling process in the past ∼10 Gyrs and the higher metallicities of galaxies observed in the presentday clusters. The gas recycling process should also apply similarly to lower redshift clusters, and a systematic difference in metallicity between cluster galaxies and field galaxies must be observed at all redshifts. Indeed, some studies have reported that the M-Z relation at low redshifts (z 0.1) depends slightly on environment, but only in low-mass galaxies at log(M⋆/M⊙) 10 (Ellison et al. 2009 ), while other works have found no such clear environmental dependence (Hughes et al. 2013) . Although this scenario is reasonable and plausible, such a small or no environmental variation of the M-Z relation in the low-z Universe seems at odds in this scenario. Moreover, this scenario may not reproduce the lack of environmental dependence in the FMR at z = 1.46 (Magrini et al. 2012) . Clearly, we need more investigations and much higher statistics on the environmental dependence of the M-Z relation and the FMR both at low and high redshifts.
(2) Secondly, once a falling galaxy is incorporated into a common cluster halo, the gas reservoir of the galaxy may be stripped or truncated due to the interactions with cluster potential, intra-cluster gas, and/or other galaxies. This can not only expel low metallicity gas trapped in the outer region of the galaxy, but also terminate the fresh gas accretion onto the galaxy which would have otherwise diluted the high metallicity gas at the center in the infall dominated phase of galaxy formation (z > 2). Therefore, it can effectively increase the gaseous metallicity of galaxies in cluster environment, as compared to isolated galaxies. In low redshift Universe, when the accreted gas in low density environment have had enough time to be consumed by star formation and chemically enriched again, the environmental dependence would no longer be expected. This seems consistent with the current observations. So far, this scenario seems to work well to account for the observed metallicity difference between the protocluster galaxies and the field ones. However, there is a critical contradiction. Since this scenario lowers gas inflow rate for cluster galaxies, we would expect their lower sSFR compared to those of field galaxies. However, Koyama et al. (2013a,b) have compared SFRs of SF galaxies in a protocluster at z ∼ 2 with those of field galaxies, and found that they seem to share the same main-sequence of SF galaxies, meaning both have comparable SFRs at a given stellar mass. The only solution might be that a large fraction of cluster galaxies have significantly higher star formation efficiency (SFE; normalized SFR per unit gas mass).
(3) Thirdly, there is an intrinsic (nature) effect that the timescale of galaxy evolution depends on environment, because densest environment such as clusters of galaxies are likely to start off from the highest density peaks in the early Universe which must collapse first. Because of this, galaxy formation and evolution processes are accelerated, so is the chemical evolution. The environmental dependence of gaseous metallicity seen particularly in less massive galaxies can be naturally explained by environmentally dependent galaxy downsizing (mass dependent timescale of galaxy formation and evolution, Cowie et al. 1996; Cattaneo et al. 2008 ). The downsizing is expected to proceed faster and hence to its more advanced stage in the protocluster regions, resulting in chemically more enriched gas especially in less massive galaxies.
One should note, however, that we are comparing metallicities between different environments at a given 'stellar' mass, and not at a fixed total or 'halo' mass. The same amount of stellar mass means that they have synthesized the same absolute amount metals. However, differential gas content can make the 'gaseous metallicity' different. Cluster galaxies can have the same stellar mass as the field galaxies but with smaller gas fraction and thus smaller total baryonic or halo masses, because of the accelerated downsizing effect. Basically, we would be comparing between the advanced stage of galaxies with low halo masses in clusters with the less advanced stage of galaxies with high halo masses in the field. Such difference is expected to be seen more prominently in less massive systems. High mass galaxies are, however, already well evolved irrespective of their environments, and we do not expect to see a sizable difference in the evolutionary stage hence gaseous metallicity.
This scenario, however, has a contradiction like the one we discuss above. Because the advanced evolutionary stage is equivalent to a smaller gas fraction for cluster galaxies for a given stellar mass, it causes their lower specific sSFR compared to those of field galaxies, which is against the result of Koyama et al. (2013a,b) . The fact that the protocluster galaxies have higher SFE would be quite unlikely if they are in a more advanced stage of evolution under this scenario.
(4) One could also fiddle with stellar initial mass function (IMF) and assume a top heavy IMF for cluster galaxies so that the intrinsic chemical yield is higher compared to field galaxies. The top-heavy IMF is actually preferred to account for high (α/Fe) ratios of massive early-type galaxies (e.g. Baugh et al. 2005; Nagashima et al. 2005a,b) . However, the metallicity difference is seen only in low mass galaxies, and so this scenario is not favored.
(5) Finaly, different sample selections may be an issue between this work (protoclusters) and Erb et al. (2006a) (general field). Our NB selection of SF galaxies based on Hα emission line can cover a broader range of SF galaxies in terms of stellar-mass. Also the dust obscuration effect can be minimized. On the contrary, the UV-selected SF galaxies by Erb et al. (2006a) tend to be biased to less dusty and relatively young populations (see also Steidel et al. 2004 ). This may result in an apparent difference in the M-Z relation between the two samples as discussed by Stott et al. (2013) at z=0.8-1.5. These two samples correspond to different stages of galaxy evolution in the sense that Hα selected galaxies are in a more advanced stage hence chemically more enriched at a given stellar mass. Stott et al. (2013) show, however, that the two samples both share the same FMR once the SFR is taken into account as well. The fact that we see the difference in FMR for our z ∼ 2 samples should mean that it is not accounted for by the sample selection bias.
CONCLUSIONS
This paper reports new results on the physical properties of HAEs in two protoclusters, PKS1138 at z = 2.2 and USS1558 at z = 2.5, based on the NIR spectroscopy with MOIRCS on Subaru. We investigate the environmental dependence of the physical properties of SF galaxies to see how the SF activities are intrinsically biased in the dense environments, and how they are affected externally by their surroundings at the peak epoch of galaxy formation, which eventually establish the tight environmental dependency of galaxy properties seen in the present-day Universe.
-We measure the strength of dust attenuation of HAEs using Balmer decrement ( Hα/ Hβ) from the stacked spectra and SFR( Hα)/SFR(UV) ratios of individual galaxies. We then investigate their physical properties with an aid of the MEx diagram (Juneau et al. 2011 (Juneau et al. , 2014 and find the extremely high ionization states of the protocluster galaxies at z > 2. It is consistent with many other recent works on SF galaxies at z > 2 in general fields (Erb et al. 2006a; Kewley et al. 2013b,a; Troncoso et al. 2014; Newman et al. 2014; Masters et al. 2014; Steidel et al. 2014) . Such a high gaseous excitation is primarily driven by their low metallicities and very high sSFRs as shown in Figure 7 . -The history of chemical enrichment provides us with some crucial information on the physical processes that are occurring during the epoch of galaxy formation. We explore the environmental dependency of metallicity using the N2 index (Pettini & Pagel 2004) . The protocluster galaxies of low masses ( 10 11 M⊙) are more chemically enriched than the field counterparts at z = 2.2. We also show the FMR of protocluster galaxies at z > 2 for the first time. We find that the protocluster galaxies at µ0.32 10 are slightly offset from the FMR of field galaxies Mannucci et al. (2010) . In order to account for the environmental dependence in both M-Z relation and FMR, we discuss five possible scenarios, including recycling of chemically enriched gas and/or stripping of metal poor gas in the reservoir. However, we have not yet reached to any fully consistent view. Further investigations, both observational and theoretical, are clearly needed.
-However, we must pay extra cautions when we compare the FMR (or M-Z) of high redshift galaxies with that of low-z galaxies, since the measurements of gaseous metallicity depend largely not only on the indicators to use, but also on unknown ISM conditions such as the ionization parameter (Kewley et al. 2013b,a; Nakajima & Ouchi 2013; Masters et al. 2014) . In fact, the ISM conditions of SF galaxies seem to be dramatically changed at z > 2, which makes such comparison extremely difficult. The line diagnostics which take into account the time variable ionization parameter (which can be derived from [Oiii]/ [Oii] line ratios) such as the prescriptions by Yin et al. (2007) ; Kewley & Dopita (2002) ; Kobulnicky & Kewley (2004) are definitely needed to derive more reliable metallicities. We also require a larger statistical sample of SF galaxies in particular at high redshifts.
The largest limitation of our current study is that we cannot derive gaseous metallicities for individual HAEs, and we have to rely on the stacking spectral analysis which gives us only averaged metallicities in each stellar mass bins. We desperately need deeper spectroscopy which allows us to detect multiple emission lines from the individual galaxies and measure their metallicities with the ISM conditions taken into account. More specifically, ionization parameter can be estimated by [Oiii] Table 3 . Final catalogue of the stacked spectra of HAEs in PKS1138 and USS1558 separated into two stellar mass bins (low and high) and the same stellar-mass bin for comparing with each protocluster (mid). We here exclude AGN candidates (see §3.3) from the sample.
(1) ID categorized by stacking method, (2) the median stellar-mass, (3)-(4) line ratios of median stacked spectra, (5) gaseous metallicities derived from PP04 (N2 index), and (6) dust extinction of Hα calculated by using Balmer decrement. All errors are derived from 1σ scatters of respective emission line fluxes. 
PKS1138-low 9.78
